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ABSTRACT 

Glioblastoma multiforme is the most treatment-resistant brain tumor 
Elongation facior-2 (EF~2) kinase (calmodulin kinase III) is a unique 
protein kinase that is overexpressed in glioma ceil iincs and in human 
surgical specimens. Several mitogens activate this kinase and inhibitors 
block mitogen activation and produce cell death. Geldanamycin (GA) is a 
benzoquinone ansamycin antibiotic that disrupts Hsp90-protein interac- 
tion's. Because kinase rtiage roned by Hsp90, we in vestigated the 
effects of GA on the viability of glioma cells, the expression of EF-2 kinase 
protein, and the interaction between Hsp90 and EF-2 kinase. GA was a. 
potent inhib itor ^ the clonogenicity of f our glioma cells lines with IC.- 0 s 
ra ngin g from 1 to j n^ I Aallvlamin o -^^ 

AAG), a less toxic and less potent derTvatwToTT^rt^^ f he clono - 
Benicity of glio ma cells with 1C 50 values of 13 n.M in C6 ce lls and 35 n.M in 
T98G_ceIIs. Treatment of cell lines for 24-48 h of GA orT 7-AAG d is- 
rupted EF-2-kinase/Hsp90 interactions as measured by coimmunoprecipi- 
tation, resulting in a decreased amount of recoverable kinase in cell 
lysates. The ability of GA to inhibit the growth of glioma cells was 
abrogated by overexposing EF-2 kinase. In addition, I7-AAG signif i- 
cantly inhibited jhe growth of a glioma xenograft in nude mice. These 
studies d.emonstTate for the first time the activity of GAs against human 
gliomas in vitro and in vivo and suggest that destruction of EF-2 kinase 
may be an important cytotoxic mechanism of this unique class of drug. 



INTRODUCTION 

Glioblastoma multiforme is a highly resistant, lethal malignancy of 
the central nervous system that represents an increasingly Important 
cause of death from cancer in adults and children (1). Current therapy 
with surgery, radiation, and chemotherapy rarely, if ever, cures the 
disease and infrequently prolongs life for more than i* year (2). 
Therefore, our laboratory .has been investigating new signal transduc- 
tion proteins as potential targets for drug development. 

Activation of tyrosine kinases through receptor occupation or mu- 
tation initiates several signal transduction pathways that culminate in 
cell division. The epidermal growth factor receptor is frequently 
overexpressed or mutated in human glioblastoma (3-5). Activation of 
phosphoiipase C by the epidermal growth factor receptor produces 
two second messengers, diacylglycerol and inositol- 1, ^-triphos- 
phate. Whereas the former can participate in mitogen-activated pro- 
tein kinase signaling, the latter activates calmodulin-dependent path- 
ways through the release of intracellular calcium (6-9). 

We previously found that calmodulin-dependent phosphorylation 
of eEF-2 3 was markedly increased in glioblastoma because of the 
increased activity of calmodulin-dependent protein kinase 3(10), also 
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known as EF-2 kinase (11-13). EF-2 kinase phosphorates eEF-2 in 
response to elevation in intracellular calcium, which leads to the 
r r C ™-* iS tranSlati0n factor C4, 13). Additional studies 
defined EF-2 kmase as a proliferation-dependent and mitoeen-acti- 
vatea enzyme ln a variety of normal and malignant cell tvpes f 16 17) 
The cloning and sequencing of EF-2 kinase led to the realization 
that n represented a unique enzyme family (13). Except for the \T? 
binding are, EF-2 kinases from several different species exhibit ^ 
sequence homology n any Ca^/calmodulin-dependent protein £! 
nase. or to any member of the eukaryotic protein kinase superfamil v 
However. EF-2 kinase does have homology to the catalytic domain of 
myosin heavy chain kinase A (MHCK A) from Di m ii um The 
unique structural features of EF-2 kinase, together with its increased 
activity ,n malignancy and cell-cycle dependency, makes it a novel 
target for anticancer therapies. 

In fact several lines of evidence suggest that inhibiting the activity 
of EF-2 kinase can fail cancer cells. For example, Parmer e, al (18) 

~J* aI ™ le ™- " EF " 2 Kn« inhibitor, blocked glLi' 
cJIs at the G.-S phase interface and killed a variety of cell Unes at 
concentrations (1-10 nM) that were consistent with IC, uS for enzyme 
inhibition (18). Antisense RNA to calmodulin (19) and EF-2 kinas^ 
markedly decreased the clonogenicity of rat and human 2 lioma cell 
hnes. Therefore, identification of new drugs that block the Unction of 
EF-2 kinase may lead, to new types of anticancer dru-s 

During the purification of EF-2 kinase (20), we foJnd the enzvme 
to be tightly associated with Hs P 90 as previously demonstrated by 
Palmquist „ al. (21). Hsp90 is a protein chaperone responsible for 
maintaining proper protein folding and stability (22). Recently a new 
class of drug the GAs was found to disrupt Hs P 90/pro [ei „ interactions 
v-j;. mese oenzoqumone ansamycin antibiotics 
antimmor effects in cell culture and experimental animah f>4) 

T "h pk f'r l6SS t0Xk l£SS P ° ten£ d£rivative of GA, has 
entered Phase I clinical testing {25-71) 

Because the activity of EF-2 = kinase" is markedly increased in human 
glioblastoma and ,s chaperoned by Hsp90, we examined the effects of 
the GAs on this lethal malignancy of the central nervous system. 

■MATERIALS AND METHODS 

Cell Culture. The C6 /V-nitrosomethylurea-induced rat »lioma line and u> 
human cel. unes T98G ( S liob.as t oma), Daoy (medu.loblastomu). and SKN'SH 

SrT^S™^ ff0m AmeriCa " CuJtUre CoNecdon 
TJYl-R and TJY2-D cell lines were derived from T98C cells by stable 

iraufeeuon with either antisense or sense cDNA of EF-2 kinase. These two 

cell lines expressed either low or high amounts of EF2-K protein, respective^ 

DMEM Ham's ?T T ^ ^ ^ ™ ^ » 3 
DMEM.Ham s F- 10 media, supplemented with 10% fetal bovine serum and 

100 units/ml peniciUio and 100 mg/ml streptomycin. TJYl-R and TJY^-D cell 
lines were maintained in the same medium as T98G. but w srS supplemented 
wuh 200 ug/ml 04.8. C6 and SKNSH eel, were cultured in sup^en^ted 
C ;' , CUl T S Were mainlilined « » humidified incubator at 37»C with 
J* C0 2 . CeUs .n log phase were, grown in' 100-mm tissue culture plates and 
treated with OA or 17-AAG as indicated in the fisure | e .~, d 
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Drugs GA ami 1 7.AAG were obtained *om Drug SvnthesU and Chemis-v 
Branch. Deveiopmenua Therapeutics Pa .. Division of Cancer T~Cm 
and Diagnosis or the Nationa, Cancer ins.u.e in the for. of \^ 
po^vd r. They were scored in dark. airtj ., h! comainKS a[ 4 . c JJ^tJ 
m DM50 immediately before use. '-onsau.d 
Clonojjenic Assay.,. Cytotoxicity of C.A and 17.AAG was deterred hv 
. cleric assay. Four x tf> C5 cells or 5 x l0 > T93G cells ° 
60-mm ««„ culture dishes and allowed to adhere overall. The cells w~ 
^exposed to various concentrations of drug rangins from 0.05-100 pm 
on,™, c, J1£ures [reated w , h M1% D;MS0) ^ , n - jb; [ed 00 m 

t •/ C The -^' u - « ^en removed and repiaced with fresh medium ^ 

11 7 T "r ° f Sr ° Wth - C °' HnieS Wre ^ -ined wi«h 0 5% 
nwhylene Cue. Colon.es with diameters of 2 mm and larser were coun ed 
using an electronic countins pencil " ^untta 

Ki„ P ^e Pa Sr ° f , Ce " H "° m0 = Cnat « detection of CeHular EF-2 
R-nase. Cell monolayers were washed twice in PBS fpH 7.4). scrane-i into 

mTn tUbeS " 5 ^ ° f PBS - Md "» «»«4d at .OCO X » " 

H « 'r^ If WerS h0mo = sni2ed "id, 15 strokes in ice-cold HOMO 
buffer £jn„ HEpes (pH 7.4). ,00 m.v, sodium chloride. 20 rn« s Lm P o 
2 m.v, EDTA. 0 1 him PMSF, 10 ^mi !eupe?tin , 2 Mg /ml pepsta n A and 0 1" 
m.M >od.um orthovanadatej. using a Polytron horoosenizer The nomoXte 
were then centrtluged at .5,000 X , for 30 min at V C . The pro TcC 
teuton or the supernatant* was determined accord^ to the method of Brld 
• ford usmg a Bio-Rad protein assay kit (Bio-Rad Laboratories. Richmond CA)" 
Twenty Mg of protein from each sample were used for FF ■> \Z I 
Sample --s were ad>s, ed with ZoMO j£ 
■ 3X Uemmli buffer [,90 m.M Tris ( P H 6.8), 6% SDS. 30% elvcero! ijj 
2-mercaptoethanol. and 0.003% bromphenol blue dye] /or 5 min CL 
lution by 7.5% SDS-PAGE. 0re reso_ 

Immunopredpitations. Ceil monolayers were washed twice with PBS ,„,i 

NP40, 1.0 m\i EDT.A. m,vi PMSF. and 1% aprotinin] at 4°C for 30 min Cell- 
were scraped into ,.5-ml microcentrifuge tubes and incubate at 7 C wil 

Immunoprecipitations were performed using 2 mg fC6 cells) or 1 „. (T9SG 
«IU) ot protein from total cell ,y sat e s as starting material. Reaction volunS 
were equa hzed using NET buffer. For Hsp90 precipitation. 4 ^ o antln ^ 
polyclonal antibody (Santa Cruz Biotechooloev. Santa Cruz CAW l.df t 
to each sample. For EF-2 kinase precipitation^ ul of aT E=V/ „ 

"S^rr* * **** ° f s^^ssz 

rorn NY) was used. Immunoprecipitation of samples with preimmune sera 

Pro te" A ? r° n ^; Af£er '" 4 h ° f ™« b ™°" • <°C .TO M o 

S L tr CLAC i50% N ' ET buffc Am '-"am Pharmacia Biot ch 
Piscatavvay. ,VJ) were added. Tubes were incubated ovemi-ht at 4»r w ,h 

It'c^n^^ 

with NET \u n SUPematant diKM B " ds wsre 'wice 

samnl' I , WMh - 3 ° M ' ° f La6mmli b ^ »™ ^ded. and The 
■samples were boiled for 5 min. After a 3-min spin a. 15.000 X . supernatant 
were loaded onto a 8% SDS-PAGE gel. supernatants 
Western Biot Analysis. Proteins resolved on SDS-PAGE were trarsfe™. 
J nitroceUuiose membranes (Hybond ECL: Amersham Pharml 
Memoranes were first blocked with 10% milk in PBS-T ,PBS/0.,% T wee n) 
and then were incubated wuh anti FP -> ir^^ • ; 
milk/PBS T For FFif rab °" antisenjn l « "10% 

rThhlf ^ eECtl0n - F ° r deteCtion of Hs P 9 °- *e anti-H S p9() 

Chemical Co.. St. Lou.s. MO) was used for detection of /3-actin Arte a - h 
■ncuo o h he primary an tjbod . es membfanes ^ 

"i-uojcea wan norseradhsh De 
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Generation of 5 ' e Cell f : no . r 

mas, pSTAR ve. . was 0^,;^''^ Difre --'' t Levels uf EF.-> 
induced ,ene expression in ^1^%? ^ 
conferred constitutive expression of tar.-; ~Z i„ this ^»r 

have tested, which Was likeiy attributable b£ ™! Mab,e ^ we 
cytomegaloviras and SV40, in this vector S v«e- , ■ m ^ W™'**. 
. W cDK.A was inserted into the mZuZin* " ^ £F "- 

both anti S e,se (AS) and sense «) ori^ t-oT r W3,0n ° f ' pSTAR in 
WYHi) andsen.se (piYK2) EF-2 kina^Rv, AS 
human glioma cells by liposome.media.ed Sn, f w m: ; oduc = d in » T9SC 
Inc., Rockvilie. MD). Transfectirts wer^ , - nS ^ !,0n - (L, ' e Technolories. 

resistant colonies were exo^ 7 a , " " M g /mi G4IS. G4I S . 

i- t.\jdj : ueu ana mamtnm^'i in inn r * ~ 

sohc extracts of each clone w ire collec J h Mg/ml G4 ' 8 - C - VC °- 

gaiion and were analvzed f or £F - '-n. h0n50gsn,Mtio » a ^ centrifu- 
TJYI-Rclone was found co e„re« .0, 71 ^ WeStem b!ot - ^ 

Tm-D clone expressed high 7s^ ~ ^ ^ ^ 
compared with that of TJY1-R ' " slnjs e mRiMA and protein 

Treatment of Glioma Xenografts with U-AAG C n 
antnmic phase were removed from culture i . ' 1. Srown at lo °- - 

washed and resuscended in P^<; „ a ■ * y "7P sini "tion. then 

mice (male. 5 weeks old: Taconic. Germanto^ vy! T ^ ( > 

were measured daily with a Vernier calioer Ts , u 3 ' C " gr0Wn tumors 
mm) of the tumors were taken and used o c n . T ^ Md W '' dth ™ in 
formula: V = x £V -> O n , h. , "I , l " at8 the vol "me'(V), usin. the 
t -cr volcmeUhed 60 mm' h^wt" When "* m ^ ia « 

tumor volumes. Within each pat m "ZTf ** ° f the 

1 7-AAG or vehicle. Animals rec-ived o*" " 1 '- 7 aSsigned t0 

Chicle on days 2. 3, 4. T^Tw'^ °'' (S ° m ^ or 

volume) on day 5 to dav 22 w c , [ , L L ° g ^ mor 

-ode, w, th treatment and day as act and f 
correlation structure (29). 2 hrSI order ""toregressive 

RESULTS 



, - — uicmuiiine.s were washed n PR^ t 

incubated with horseradish peroxidase conjugated secondary andbod e (. m 

STr ^'-T* 3 WaShed again With PBS " T - M . ^.ndards (Bio-Rad 
L boratones. Richmond. C.A) and authentic EF-2 kinase were used to det 
mine the pos.t.on of the proteins of interest. Proteins were visualized usS 

•i^S J 3r d Ihe imensity ofprntein bands - ^ » 
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Effect of GA on Cell Growth and Viability w- ' 
erfects of a 43-h incubation with GA 2 7 a ^ TT'f " ^ 
nicity of human T9SO roiinhi,. ( • r, n the clof iooe- 

SKNSH cell viability with IC „ £L " f f / 8 °' 
respectively (Fis W Table M r A u . ' 1 nw - and 1 
^ C6 rat gLa line ^ cl ^ ni ' nh ' bited * d ° n °= enici ^ of 

17-AAG aJso decreased the cloroirpnirirv «r ■ r 
~10-fold less potent than GA ag^ C C ^ T 

C6 oel ls was 13 avt and for T98G cells was 35 a" R S^S", " 

For comparison, we also n. r fn m ^ . S ' 5 ' Taole 1 • 

treated with BCNU a Jandard ch? IT*** of C6 ce,ls 
glioblastoma. Fig ic IZ ^TI T^ ^ '° tr6aC 
against C6 ceils was ^ d ™o L K » of BCNU 

GA against the same c£l li* " * e IC *> vaI - of 

Effect of GA and 17-4 AT nn tt~ ^ v 
analyze the role of EF^ k tl nl Pr ° tein C ° ntent - T ° 

whetherornot GA or if ^ c ^^^ ° f GAs ' « ««* 
ce..s. T98G ceils were incub^e^- 1-^ ^ 
/W ). Cell homogenates were collected Id £F 7 (c l4 ' 

-crease after J* ^rSL^^-.^ 

ceils treated with GA M&nfZy^l™*"™ 1 " CS 
70% after treatment wuh l-W ^G^n^T^ b > ■ 
creased.EF-2 kina , oy 40-50, (Fig^, ^ d - 
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GLIOBLASTOMA AND EFO KINASE ~ 

I 

antiserum or preimmune serum and protein-A beads rn 
cipiare Hs P 90. After Western transfer. te^Z^"] 
blotted wuh anti-EF-2 kinase polycionui antibody and then w " 
snipped and slotted with anu-Ks? 90 polyclonal antibody R. 3 ^ 
and 5.. demonstrate that approximately equal amounts o:Hs D ao' (l L,' 
torn panels) were precipitated under each condition. EF-? « 
(upper pay Is) was coprecipkated with Hsp90 in vehicle-treated cells 
{Lane 1) out not with preimmune serum (data not shown)! which 
connrrned the association of the kinase with Hsp90 in both T98G and 
C6 ceils. Treatment with GA {Lane 2) or 17-AAG (Lane 3) sionifi- 
cantjyreduced the amount of EF-2 kinase that was coprecipitate/wirh 
Hsp90 in both ceil lines. 

To exclude the possibility that the apparent decrease of Hsp90 
association with EF-2 kinase was merely the result of decreased 
overall EF-2 kinase protein, we investigated the effect of shorte- 
tncubation times with higher concentrations of druo l n these - XDe / 
iments cells were incubated with 3 m GA (Lane 4) or 6 M m 17-AAG 

S a - 2 !, 3 " 6 " 1 " *" ths ™ ntof EF " 2 kinase 
in T9SG or C6 ceils was not significantly changed under these 
condinons^me amount of EF-2 kinase that was coimmunoprecini- 

ated wuh Hs P 90 under these conditions was markedly decreased ff£ 
3, A and B, Lanes 4 and 5). °' 
We next determined whether antibodies to EF-2 kinase could 
immunoprecipitate Hs P 90 and whether GA disrupted the interaction 
Immunoprecipnation was performed using an anti-EF-2 kinase anti- 

Tablc I Effta of CM on ihe chn„ se niciry of glioma and cher cM li„ es of 
neurogenic origin 
Cell lines, grown in tissue culture were rn-ar-ri tuiih • 
or v eh ic| es , and elonogeaic sun^l Z ^Jzd *. 7 ms ."" cenIralio ^ of drngs 



BCNU fciM) 

_ Fig. i. Effect of GA, 17-AAG. and BCNU on the clonogenic survival of glioma and 
otner ceil lines at neurogenic origin. Murine glioma (OS), human glioblastoma (T9SC) 
human neuroblastoma (SKNSrf), and human me du Hob las to ma (Daov) were cultured as' 
aesenbed m "Materials and Methods." Cell lines were exposed for 48 h in varvine 
concemnuions of GA (A). 17-AAG (5). and BCNU (Q. Cells were then cultured in 
drug-free medium and allowed to grow for another 7-10 days. Colonies w cre stained with 
methylene blue and counted with an electron counting pencil. Each point represents the 
mean or three determinations from one of three similar experiments; bars, r SE. Controls 
(vehicle-treated cells) usually contained 100-300 colonies. 
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GA ICh, (n.vi) 


17-AAG IC 50 (hm) 


bcnu rc 50 
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SIGN'S H 
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2 ±0.1 

3 ±0.2 
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Effect of GA and 17-AAG on Hsp90/EF-2 Kinase Interactions. 
We next carried out coimmunoprecipitation experiments to investi- 
gate the effects of GA and 17-AAG on Hsp90/EF-2 kinase protein 
interactions. T98G (Fig, 2A) and C6 cells (Fig. 35) were treated with 
10 nM GA, 40 hm 17-AAG, or vehicle (0.1% DMSO) for 24 h (the 
optimal condition's for reducing the cellular content of EF-2 kinase as 
shown above). Cell lysates were incubated with anti-Hsp90 rabbit 
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was absent in t;' mmune-comDlex from C± 

(Lcr.es 2 and 4). ' ° m G -^-rreatsci cell | vsales 

Effect of Overexpression of EF-2 Kinase on r * , 
next determined whether the effect of G \ on AcUv "- v ' Ws 

abrogated by overexoressing F F :, y r .^ , " qt0 '° COU,d te 
compared the sensitivity to OA in - P |7r , CX?enn3M «. w e 
-is of EF-2 W TJYi-R Lt^^*? ™ ? ™ **** 
ater stable tn.nsfec.ion of T9SG ~ik w^T^ " neS were isoi ^d 
EF-2 kinase expression vectors t7v p e,£h « an «en S e or sense 
kinase exDresMonatr-tra s er 'n : $ Seie " Sd baSed on 

sense RNA. The Weste-n Mnr n "- trans ' e "'°n with 

robust based on morphology and a rinuk W3S lhe most 

w* *. sense transrectal nt " 

demonstrate that cells that overexpress EF ! L * 1 - 

sensitive to the cytotoxic effects £ GA^C " nvnTh ^ 

^^7^ 2 r^ w,wtIC - 0 ^ ' SOS£niC 

OAstlt^;^ — To test Whether 
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vehicle n rf;- ^ T98G Md C5 Were treated with ei *er 

vehicle or 3 M M GA tor 3 h (Fig. 4). Similar amounts of EF-2 kinase 

*ere recovered under each condition (lower panel). Hsp90 was co- 

prectp.ta.ed with EF-2 kinase in vehic.e controls (LJl and J) but 
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- EFFECTS OF OA ON GLIOBLASTOMA AND Br -2 KINASE 
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/.fv wtf ? f f Ct ° r l7 " AAG ° n the £r0wth of C6 - Elioma ^oemfts.CS ceils 
1 1.6 x io cells/mouse) were impiamed inio the flank of 16 Swiss nude (" u/,,u ) mice On 
the 12th day after inoculation (day I in Fig. 6), the mice were paired in two -roups'and 
were randomly assigned to treatment. 17-AAG (80 mg/kg) or vehicle were injected via the 
intraperitoneal route on days 2, 3. 4. 5, S. 9, JO, 1 1. and 12. Each point represents the mean 
volume of the eight animals in each group; bars, - SE. The differences in tumor volumes 
betwesn the two treatment groups were statistically sicnificam (P * 0.017) at all time 
pomes from day 5 to day 22 [least-square mean of Io S ( tumor volume) 0 91 = 0 13 
(mean ± SE)]. 



treatment began. Fig. 6 demonstrates the ability of 17-AAG to sie- 
niflcantly inhibit the growth of C6 glioma. The mean tumor volumes 
of the two treatment groups were not statistically different before dm* 
treatment (day 1; P > 0.752). The differences in tumor volumes 
between the two treatment groups were statistically significant 
(P S 0.017) at all time points from day 5 to day 22 [least-square 
means of log( tumor volume), 0.91 ± 0.33 (mean ± SE)]. No signif- 
icant weight loss, changes in activity or deaths were observed during 
the period of drug treatment. 

DISCUSSION 

The need for new treatments for glioblastoma is hishlishted bv its 
devastation to both children and adults. Despite the recent introduc- 
tion of an oral alkylating agent, temozotomide (30-32), very little has 
been added to prospects for increasing overall survival in patients with 
this disease. 

Disruption of Hsp90 chaperoning represents a novel approach to 
developing new anticancer therapies. Numerous proteins induced in 
the growth of malignant cells associate with Hsp90 (22. 33). Interfer- 
■ ence with this interaction targets the nonassociated protein for degra- 
dation (34-38). Therefore, it may be possible to target proteins 
important for the growth of malignant cells by disrooting their asso- 
ciation with Hsp90. 

EF-2 kinase is an attractive target for the treatment of hieh-srade 
astrocytomas and perhaps other malignancies. The markedly in- 
creased activity of this enzyme in glioblastoma multiforme (17) and 
- the cytotoxicity of specific and nonspecific inhibitors for this kinase 
support this concept (18). Because EF-2 kinase is chaperoned by 
Hsp90 (20, 21), we examined the effects of GAs on glioma and other 
malignant cell lines of neurogenic origin and found these drues to be 
potent cytotoxic agents that disrupt Hsp90/EF-2 kinase interactions. 

GA is a potent inhibitor of the clonogenicity of several cell lines 
including T9SG and C6 glioblastoma, Daoy medulloblastoma. and 
SKNSH neuroblastoma (Fig. 1). Table 1 lists the IC J0 values obtained 
atter a 48-h exposure to GA that ranged from 1 to 3 n.M. For C6 cells, 
GA is 2500 times more potent than BCNU, a standard chemotherapy 
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for glioblastoma (39-42). 17-AAG. a less potent inhibitor of Ks D 90/ 
protein Attractions (25, 26) contoured with GA is ^ a a Z . ' 
inhibitor of clonogenicity in T9SG -and C6 cells' wS IC vT" 
ranging ftom l3 to 35 n, (Fig. i; Tabie i} . It is * 
compound wnen compared with BCNU. 

To determine whether or not the cytotoxicity of GAs was attrb- 
utaoie at .east in part, to inhibition of EF-2 kinase activitv tbcou ° h 
d.srupt,on of Hsp90 chaperoning., we carried out a sen-s'of eZ 
■meats tc .measure both the association and depletion of the en-" 
zyme. These studies revealed a good correlation between the 
concentration of drug required to disrupt Hsp90/EF-? kinase in 
teracuons and effects on clonogenic survival. For exams.e after .' 
-4 h incubation of T9SG cells with 10 n.M GA there is a >S 0% 
decrease in Er-2 kinase (Fig. 24). which correlates- with the IC 
ot , n.M obtained by clonogenic assay after exposin- the c-lls to° 
rug ror 48 h (Fig. 1; Table l).We chose the shorter t a o 
penod to evaluate the ettect of drug exposure on kinase de.rada- 
t.on to avoid the pitfalls of studying the effects of drucT i n a 
population in which one-half the cells were dead or dyinJsimi- 
larly we found a 70% decrease in EF-2 kinase in C6 cells Exposed 

bt ,- GA ' WhiCh COrrdaCeS Wkh the Ks. value Km 

obtained by clonogenic assay after exposing the cells to drug Z 

7n p m , ln cl0n °S enic assa ys for 17-AAG were 5- to 

10-fold greater than those of GA, which correlates to the decreased 
potency of this derivative in producing loss of the kinase (Fi« 

Interference with the chaperoning function of Hs P 90 is known* to 
b de omental to associated kinases. GA disrupts the binding of 
3 and 4 n rTh 0 f " "T^ * COi — °P-ipitation (F. S . 

decreased' ^ '^"^ aSS ° Clated 

, , , S£ Pr0tCln C '° ntem (H S- 2 >- Schuite ei al 
demonstrated that the serine/threonine kinase, raf-1, is rapidlv' 
destabt ized on addition of GA, which disrupts the Raf-i/Hsp90 
molecular complex (38). The disappearance of EF-2 kinase in 
glioma cells treated with GA is likely caused by this mechanism 
These data are consistent with a proposed mechanism by which 
GAs disrupt the chaperoning of critical cellular proteins leading to 
targeted degradation (38, 43, 44). Further insi gh[ may h ^ n ^ 
investigating the mechanism by which the EF-2 kinase protein i's- 
degraded. Published reports (45-47) point toward the role of GA 
in targetmg proteins for proteosome degradation. 

GAs are likely to affect numerous intracellular targets that are 
C TA Viabi ' ity - In additi ° n t0 raM f26 - 48-50). both GA 

kinase P 18 3 , which has been implicated in oncogenic trans- 
formation (4, ,1) Treatment of lung cancer cell lines~expressin» 

8 -th pachtaxel and 17-AAG showed synergistic activitv 
, nH also ^stabilizes mutant forms of P 53 (47). Therefore, to 
understand the importance of EF-2 kinase amon S these other 
targets, we trans fected parental T98G cells with euher sense or 
antisense EF-2 kinase expression vectors. As expected overex- 
press.on of antisense mRNA and subsequent decrease' in Ef'-» 
kinase (Fig. 5A) reduced the viability and subsequent recovery of 
transfected clones (53). Nonetheless, we were able to study dm. 
sensitivity by choosing our most robust antisense clone for these 
experiments and compared this with a sense clone obtained durin- 
the same round of transfections. We then chose a shorter dru° 
exposure time (24 h) to measure effects on clonownicity an d = 

£? M J: nd an " SenSe d ° ne t0 be more "as'itive to GA 
(Mg. 55). This result is consistent with EF-2 kinase bein° an : 
important target for the cytotoxicity of GAs in slioma cell lines 
However, despite the excellent correlation between EF-^-kinas- 
content and drug sensitivity (Fig. 5, A and B), -iven the difficulty 
in recovering viable antisense clones, we cannot rule out th^ 
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possibility that these are indirect -ffects resulting from clonal 
selection. v 

Numerous drugs kill cancer ceils in tissue culture but for Kve- 
tetain activity in animal xenografts. We studied 17-AAG ac^ ins - 
xenograned C6 glioma because it is a less toxic comoound that'hM 
already entered clinical testing (26, 27). 17-AAG significantly inhibits 
>he g r ow Ih of established gliomas in animals. Treatment chat is stared 
alter 1. days of growth significantly inhibits the srowth of r h . 
xenografts (Mg. 6). This is particularly promising because the dm-' Is 
hignly l.pid-solubie and likely to penetrate the blood-brain barrier 

In summary, our results demonstrate that OAs represent a new class 
or am.cai.cer drug that have potent activity against glioblastoma and 
other mai.gnant cell lines of neurogenic origin. The compounds dis- 
nipt the interaction of EF-2' kinase with Hsp90, leading to the destruc- 
uon or dm unique protein kinase member of the calmodulin-mediated 
pathway of signal transduction. 
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